Apolar, neutral peptides have been shown to ionize extremely well under the conditions used for electrospray ionization mass spectrometry (ESIMS). Peptides for which the conformations have been independently determined in solution and in crystals have been examined by ESIMS. Studies of peptide helices ranging from 7 to 18 residues reveal that shorter helices yield exclusively singly charged ions, while in larger helices multiply charged species are detectable. Multiple sites for protonation/metallation are introduced in the helix by proline insertion or by changing the chirality in the residue. The preferred site of cation binding to helices may be the C-terminus end, where three free CO groups are available for chelation. Ab initio and DFT calculations at several levels have been carried out for the binding of H , Li , Na , and K to CHO-(Gly) 3 )-OMe. The results reveal that metallation in helices is favoured by chelation to carbonyl groups at the C-terminus, while protonation involved two carbonyl groups and thus favour a 10-membered cyclic hydrogen-bonded structure. In b-strands, metallation/protonation occurs at isolated carbonyl groups. Collision induced fragmentation of hydrophobic peptides under ESI conditions reveals that helix fragmentation occurs predominantly from the C-terminus, while in b-hairpins cleavage occurs simultaneously at multiple sites.
Introduction
The recent developments in soft ionization procedures, electrospray and matrix assisted laser desorption (MALDI) for the formation of macromolecular ions, has made the molecular weight determination in the high mass range routine. [1] Ionization of macromolecules is achieved by protonation to form a positively charged species [MnH] n or by deprotonation to a negatively charged species [M À nH] nÀ . Proteins usually exhibit a coherent series of multiply charged ions under electrospray ionization conditions, from which the molecular mass of the protein is calculated. The number of charges observed in the ESI mass spectra of proteins is sensitive to the changes in the pH of the solution. [2] Several reports in the literature suggest that conformational properties of biomolecules in solution are preserved during the ionization process and persist over the transient time that ions exist in mass spectrometers. [3] In the case of peptides, the maximum number of charges observed generally correlates with the number of residues with basic or acidic side chains. In the electrospray ionization mass spectra (ESIMS) of polypeptides, along with the proton adducts, sodium and potassium adducts are also often observed under the electrospray ionization conditions. [4] Apart from the determination of molecular weight of macromolecules, mass spectrometry has been used for studies on noncovalent macromolecule ± ligand interactions. [5] Liquid chromatography interfaced with electrospray ionization mass spectrometry (LC/ESIMS) and tandem mass spectrometry (MS/MS) have been used for the analysis of complex mixtures of peptides obtained in the enzymatic cleavage of proteins. [6] Currently mass spectrometry is extensively used for structural investigations of peptides and proteins in the gas phase. Methods based on measurement of size such as ion mobility measurements to determine the collision cross sections, chemical methods such as H/D exchange have been used for the structural studies. [7] Deuterium labeling studies suggest that fast intramolecular proton transfers yield a rapidly interconverting population of structures and induce charge directed fragmentation after gas phase collisional activation. [8] However, most reports on electrospray ionization mass spectrometry are on the analysis of hydrophilic substrates. Mass spectrometric analysis of hydrophobic species such as membrane proteins or transmembrane peptides has seldom been reported in the literature. [9] This is mainly due to the presence of salts and detergents used to solubilize the hydrophobic proteins and peptides, which suppress the analyte ion formation. [10] Furthermore, hydrophobic proteins and peptides are usually not soluble in aqueous solvent used for ESIMS. In the present study, we report the analysis of hydrophobic peptides (which are freely soluble in a variety of organic solvents) under electrospray ionization conditions using methanol as the solvent. During the mass spectrometric analysis of hydrophobic peptides using ESIMS, we observed intense peaks corresponding to the proton/alkali metal ion adducts of the peptides. To understand the effect of chain length and structure of the peptides on the adduct formation, a systematic study was carried out using hydrophobic peptides of varying lengths and conformations. The peptides used in this study are de novo designed peptides with defined secondary structures (helices and hairpins) in the solution and solid state. [11] The role of secondary structures on the protonation/metallation and fragmentation of hydrophobic peptides has been probed using ESIMS.
While the development of new techniques in mass spectrometry has helped to estimate the cation binding affinities of peptides, theoretical calculations have been shown to be valuable in providing insights into the observed ligand-metal ion specificities with the added advantage of quantitative prediction of structural and energetic changes. [12] Detailed geometrical analyses as well as quantitative estimation of the cation binding affinities of model peptides in different conformations have been carried out by Hartree ± Fock, MP2 and hybrid HF-DFT calculations. The results are used to interpret ESI mass spectral data of cation complexes of the peptides. The analysis of the geometry and energetics of complexes sheds light on some general features of the conformational dependence of cation binding affinity of peptides.
Results and Discussion
Mass spectrometric studies: Table 1 shows the sequence, structures of the peptides determined by NMR and crystallo-graphic techniques [13±25] and the peaks observed in the electrospray ionization mass spectra of the peptides used in this study, which range in length from 6 to 18 residues. Though the mass spectra were recorded using methanol as the solvent, sodium and potassium adducts were observed along with proton adducts. This is presumably due to complexation with trace alkali metal ions during the sample preparation and the electrospray process, which brings the peptide solution in contact with a glass capillary. Under these conditions protonated species generally predominate. In the ESI mass spectra of smaller peptides with fewer than 10 residues (1 ± 5, 17 ± 19), only molecular ion peaks [MH] , [MNa] , [MK] and no multiply charged species are observed. ESI mass spectra of peptides with 10 ± 12 residues (6 ± 9) show peaks corresponding to both singly charged and doubly charged species with molecular ion peak as the major species. In peptides with more than 14 residues (11, 12, 14, 15) , the intensity of the peak corresponding to the doubly charged species was observed to be greater than the molecular ion peak. ESI mass spectra of peptides 10, 13 and 16 show only the doubly charged species and no molecular ion peaks were observed. Figure 1 compares the ESI mass spectra of helical peptides of varying lengths, a 7-residue helical peptide (3), a 12-residue helical peptide (9) and a 16-residue helical peptide (12) . The ESI mass spectrum of peptide 3 shows only the molecular ion peaks at m/z 784 [MH] , 806 [MNa] ; no doubly charged species is observed. The spectrum of peptide 9 has both a molecular ion peak at m/z 1210 [MH] and a doubly charged species at m/z 605 [M2H] 2 of approximately equal intensity; the spectrum of peptide 12 has a molecular ion peak at m/z 1605 [MH] and a doubly charged species at m/z 803 [M2H] 2 , which is the major species.
These results indicate that the increase in the number of residues favours the formation of multiply charged species. Ionisation of the hydrophobic peptides takes place through binding of a proton or a metal ion to the basic sites in the [25] [a] U aAminoisobutyric acid. (Aib).
[b] Unpublished. [c] Conformation not established unambiguously but contains large helical segment. Antiameobin: Ac-Phe-Aib-Aib-Aib-Iva-Gly-Leu-Aib-Aib-Hyp-Gln-Iva-Hyp-Aib-Pro-Ph-OH. Zervamicin: Ac-Leu-Ile-Gln-Iva-Ile-Thr-Aib-Leu-Aib-Hyp-Gln-Aib-Hyp-Aib-Pro-Ph-OH. peptide, which in the case of fully protected hydrophobic peptides studied here are limited to the amide bonds. In the literature, experiments on the small oligoalanine and oligoglycine peptides suggest that in peptides composed only of nonbasic residues the proton may be solvated completely by the various amide oxygens. [26, 27] Chakrabarti has reported from a Protein Data Bank analysis that metal ions, predominantly Ca 2 , bind to the amide carbonyls at the C-terminus as a multidentate ligand in helical structures and on the peripheral strands and at the sides of the strands in bsheets. [28] In hairpin structures the metal binding could be localized on a single carbonyl group at the terminus or near the turn region (Figure 2 a) . In peptides where the structure is a continuous helix, there are three carbonyl groups at the C-terminus that are not involved in intramolecular hydrogen bonding. The orientation of these carbonyl groups favors chelation of metal ions (Figure 2 b) . Also, the dipole orientation in helical peptides favors protonation/metallation at the C-terminus. Polypeptide helices possess a significant macrodipole in which the C-terminus is the negative end. [29] The observation of multiply charged species in longer helices may be indicative of backbone protonation/metallation at sites distant from the C-terminus, such that electrostatic repulsions are minimised. In order to further probe the structural requirement for multiply charged ion formation, we investigated a set of well characterized peptides containing interrupted helical segments which will result in centrally located free carbonyl units for metallation/protonation. Figure 3 a shows the mass spectrum of a 14 residue helical peptide (10) containing mixed chiral blocks. This ™ambidex-trous∫ molecule has two helical segments of opposite screw sense fused together in the same molecule. At the site of chiral reversal, the carbonyl groups of residue 6 is not involved in intramolecular hydrogen bonding and it can be a potential protonation/metallation site. [18] Figure 3 b shows the mass spectrum of zervamicin (15) , which has a bent helical structure due to the presence of three Pro/Hyp residues at the C-terminus. [22] Figure 3 c shows the spectrum of an 18 residue helical peptide 16 containing two helical segments linked using a -Gly-d-Pro-unit. Though peptide 10 has only 14 residues, the spectrum shows the presence of only doubly charged species at m/z 718 and 729, corresponding to [M2H] 2 and [MHNa] 2 . The molecular ion peak is not observed. Similarly, in the ESI spectra of peptide 13 (two helical segments are linked by Acp units) and peptide 16 which have a centrally located distortion in the helical structure, only the doubly charged species is detected and no molecular ion peak is observed. The spectrum of zervamicin (15) shows the presence of singly, doubly and triply charged species at m/z 1840, 920 and 614, respectively, with the doubly charged ion as the major species. These results indicate that discontinuities in the helical structures favour protonation/metallation at additional sites, which could arise from the presence of exposed carbonyl groups that are not involved in intramolecular hydrogen bonding. To understand the preferences of cation binding sites in helical and hairpin peptides, theoretical calculations were carried out in model systems. Ab initio studies of metallation/protonation: In order to simplify the model systems chosen for the theoretical analysis we limit our investigations to the study of N-formyltriglycyl methyl ester [CHO-(Gly) 3 -OCH 3 ]-cation complexes (Scheme 1). In this system the presence of three glycines allows the formation of an intramolecular hydrogen bond between the N-H group of the Gly(3) and the formyl oxygen in an ideal 3 10 -helical conformation. For this study, the 3 10helix, which occurs frequently in this class of hydrophobic peptides, [30] is taken as representative of the more general Scheme 1. The model systems used for the calculations of cation binding to peptides. class of peptide helices which are included in protein ahelices. We studied the structure and binding energies of Li , Na and K complexes of Gly 3 in two different conformations, the 3 10 -helical and b-sheet conformations. In addition, some calculations were also carried out with N-formyldiglycyl methyl ester [CHO-(Gly) 2 -OCH 3 (Gly 2 , Scheme 1)] to evaluate specific features in the single type III b-turn, [31] which is a repetitive feature of the 3 10 -helix.
Full optimizations of the free peptide starting from the ideal torsional values of helical peptides results in minima corresponding to non-helical conformations. Previous ab initio calculations also indicate that helical structures for Gly and Ala dipeptides do not correspond to stable minima. [32] Hence, we have chosen ideal backbone torsional angles that could lead to the specific conformations and optimized all other degrees of freedom. The (f, y, w) constraints imposed are (À 608, À 308, 1808) and (À 1208, 1208, 1808), respectively, for 3 10 -helical and b-strand peptides both in the free and complexed form. The binding energies obtained with these geometries, in which a set of dihedral angles are held at idealized values, are referred to as POPT data. Since geometric reorganization and the consequent energy gain are expected to be greater in the complexed form, the POPT binding affinities are likely to be underestimated. We have also carried out full optimization of the complexes taking the aforementioned partially optimized structures as initial guesses and lifting the constraints. To compute the binding energies of these fully optimized complexes, the single point energies of the free peptide at their respective complex geometries (FOPT) were used. The energies of the bound species corresponded to those of fully optimized geometries where as the energies for the free peptide were taken from a single point calculation taking the corresponding geometry of the bound complex without the metal ion or proton. As a result the electronic energy of the complex at a particular level of theory is more accurately described compared with the free peptide. Thus, the interaction energy is overestimated. The energies from fully optimized free peptide would have been ideal, but it leads to a non-helical conformation. Therefore we computed the interaction energies for the fully optimized complexes (FOPT). Even though the absolute interaction energies were overestimated, the overall trend of interaction energies, we are interested in, would be unchanged.
The premise on which the theoretical calculations are based is that, in a peptide helix, the three carbonyl groups at the C-terminus point approximately in the same direction; this suggests chelation of cations as an attractive possibility. The cation was therefore placed symmetrically with respect to the three coordinating carbonyl groups in the initially assumed structure. Preliminary studies revealed that the energy minima corresponding to proton adducts were heterogeneous. These minima corresponded to structures in which one of the carbonyl groups is no longer coordinated, in contrast to the binding of the alkali metal ions. We will therefore first describe the results of the ab initio calculations of metallation and subsequently turn to protonation.
The cation binding affinities obtained at the HF/6-31G(d) level (Table 2) were generally underestimated whereas the proton affinities were overestimated (Table 3) . This is presumably due to the limitation of the basis set and the basis set superposition error (BSSE). However, the B3LYP/6-31G (d) data were comparable to those of MP2(full) calculations. More importantly, identical trends are noted at all the levels of theory (HF, DFT and MP2). Throughout the discussion, the binding affinities obtained from MP2(full)/6-31G(d)//HF/6-31G(d) method are considered.
Ab initio studies of metallation in Gly 3 : The energetics for the binding of Li , Na , and K to Gly 3 in helical and b-strand conformations are summarized in Table 2 . Partially optimized structures of metal ion complexes of 3 10 -helical Gly 3 exhibited tridentate chelation (1 a, Figure 4 ). Clearly the larger size of the metal cations allows them to bind to the multiple basic sites more effectively. The metal ion binds to two amide carbonyl oxygens (O14 and O15) and the methoxy oxygen (O9). The backbone torsional angles and the length of the peptide chain in Gly 3 enable it to form an intramolecular hydrogen bond between the carbonyl oxygen of the formyl group and the amide hydrogen of the third glycine unit. The Li , Na and K binding affinities are 89.0, 66.5 and 48.8 kcal mol À1 , respectively. Fully optimized geometries of the complexes of helical peptides retained the intramolecular hydrogen-bonding characteristic of the helical forms. The ester carbonyl group is oriented towards the metal ion and the complex is highly stabilized by optimal tridentate chelation (Gly 3 -Li : 1 b, Figure 4 ). This suggests that the binding of metal ion to the free carbonyl groups of the C-terminus of a long peptide chain is an attractive possibility.
For the b-strand conformations the metal ion affinities were computed at the formyl carbonyl oxygen (O13) and at one of the internal amide carbonyl oxygen atoms (O15) (1 c, 1 d, Figure 4 ). The antiparallel orientation of the carbonyl groups in the nearly linearly arranged sequence of amide groups allows only monodentate chelation at one of the carbonyl oxygen atoms. The Li , Na and K binding energies are 56.4, 40.9 and 30.1 kcal mol À1 , respectively, when the metal ion binds to O13. Complexation with O15 leads to binding energies of 52.9, 37.4 and 26.8 kcal mol À1 , respectively. These values are comparable to the interaction energy of a simple amide, N-methylacetamide. [33] Table 2. Li , Na and K affinities [kcal mol À1 ] of CHO-(Gly) 3 -OCH 3 in helical and b-strand conformations.
Level of theory
Helical conformation b-strand conformation POPT [a] FOPT [d] POPT [b] POPT [c] Li affinity HF/6-31G (d) [a] Partial optimization at fixed dihedral angles (f À 608; y À 308; w 1808; 3 10 -helical conformation).
[b] Partial optimization of b-strand conformation at fixed dihedral angles (f À 1208; y 1208; w 1808); metallation occurs at the terminal carbonyl oxygen (O13). [c] Partial optimization of b-strand conformation at fixed dihedral angles (f À 1208; y 1208; w 1808); metallation occurs at the middle carbonyl oxygen (O15). [d] Full optimization of the complexes taking the POPT structures as initial guess. The energies of the free peptide were computed by a single point calculation taking the fully optimized geometry of the complex without the ions to calculate binding energies (affinities). The affinities are consequently overestimated. The validity of the trends in the POPT binding affinities of the b-strand was confirmed by carrying out calculations on fully optimized geometries of the ideal extended (Cs) conformation. Thus for Gly 3 and Gly 3 -M complexes (complexation with O13) geometry optimizations with (1808, 1808, 1808) conformation led to cation affinities of 61.8, 45.8 and 34.4 kcal mol À1 for Li , Na and K , respectively, at MP2(FULL)/6-31G(d)//HF/6-31G (d) . The relative binding affinities are within 1 kcal mol À1 of those obtained with POPT calculation ( Table 2) .
The metal ion affinities follow the order Li > Na > K . This is evidently due to decrease in the stabilizing electrostatic interaction between the peptide and metal ion with decreasing charge density as a result of the increasing size of the cation. However, significant binding affinity is noted for heavier metal ions also in helical peptides. The binding energies of FOPT structures of helical peptides (computed using the single point energy of the peptide frozen at the complex geometry) show the same trends as described above, although the absolute affinities are overestimated.
Mass spectral discrimination of ion binding: Peptides in methanol (1.0 Â 10 À3 m) were treated with 3.0 Â 10 À3 m solution of Li 2 CO 3 in water; the time course of the lithium adduct formation was followed using ESIMS. The ratio of the intensities of the lithium and proton adducts increased with time and ESI mass spectra showed the presence of only the lithium adducts after 12 h of incubation. The complete absence of proton, sodium and potassium adducts which are normally observed under the ESI conditions indicates that the ionization due to metallation is mainly taking place in the solution state itself rather than in the gas phase. The noncovalent metal complex formed in the bulk solution is not destroyed under the mild ESI conditions used in this study. Detection of intact noncovalent complexes in the gas phase using mass spectrometry has been reported by several research groups. [5] The single ion free energy of solvation of Li in methanol has been estimated to be À 115 kcal mol À1 . [34] This would imply that the free energy of lithium ion binding to the peptides and the additional solvation of the coordinated complex are sufficiently large in magnitude to overcome the solvation free energy of the metal ion in methanol.
To evaluate the relative binding efficiency of the alkali metal ions Li , Na , and K with hydrophobic peptides, solutions of peptides in methanol (1.0 Â 10 À3 m) were treated with a 1:1:1 equimolar mixture of Li 2 CO 3 , Na 2 CO 3 and K 2 CO 3 (1.0 Â 10 À3 m) and incubated for 12 h at room temperature. ESI spectra were recorded using methanol as the mobile phase. Typical spectra for a helical (6) and a hairpin (17) peptide are shown in Figure 5 . In Figure 5 b, the intensities of the peaks corresponding to the metal adducts of peptide 17 are in the order lithium (m/z 931) > sodium (m/z 947) > potassium (m/z 963). A similar trend is observed in the helical peptide also (Figure 5 a) , which indicates that the binding efficiency is in the order Li > Na > K . Evidently, the large binding affinities from chelation enable Na and K ions to overcome the free energies of solvation in methanol (À 92 and À 75 kcal mol À1 , respectively). [34] It is interesting that the order of binding affinities is reflected in the relative intensities of Ab initio studies of protonation in Gly 3 : Several possible sites of protonation were explored, while considering the amide carbonyl oxygen as well as ester oxygen atoms as proton acceptors. The possible sites of protonation at oxygen atoms are the formyl group [O13], Gly(2) CO [O15], Gly(3) -CO [O16] and the ester methoxy oxygen (O9). Gly(1) CO was not investigated as its environment is very similar to that of Gly(2) CO. Table 3 gives a summary of the energetics of partially and fully optimized structures for a helical conformation protonated (at O15) and partially optimized structures for the b-strand protonated (O13 and O15) adducts.
Protonation at the carbonyl oxygen [O15] of the second Gly residue of the 3 10 -helical Gly 3 peptide (2 a in Figure 6 ) leads to the highest proton affinity (227.2 kcal mol À1 ). The structure, in which the proton is attached to the sp 3 oxygen of ester group (O9) forming a hydrogen bond with O14 (2 b in Figure 6 ), is also noted to be a stable geometry for the helical Gly 3 complex. Interestingly even though the carbonyl oxygen (O14, sp 2 oxygen) has a greater affinity to get protonated, compared with sp 3 oxygen (O9), protonation occurs at O9. Such a C 10 cyclic structure is common in neutral peptides with the carbonyl oxygen forming a 10-membered cycle as a result of an intramolecular hydrogen bond with a suitably placed N-H unit. This geometric pattern is responsible for the b-turn structural motif. [31] The same kind of arrangement in the protonated complex suggests that the [O-H] group acts as a surrogate NH unit. However, the proton affinity of this cyclic form is nearly 10 kcal mol À1 less stable than the most stable O15 protonated complex, 2a. This implies that bridging in the protonated helical form is not enough to overcome the inherently greater preference for carbonyl oxygen protonation. Full optimization of the partially optimized bridged structure 2 b leads to 2 c. The helical motif is retained even after lifting the constraints. The ester carbonyl group is oriented towards the amide carbonyl oxygen, O14 to form the CO ¥¥¥ H-OC ionic hydrogen bond. For the b-strand peptides (2 d and 2 e) the proton binding to the formyl oxygen (O13, 212 kcal mol À1 ) is favored as compared with binding to one of the middle oxygen atoms (O15, 207 kcal mol À1 ). This feature has also been noted for metallation.
Gly 2 complexes: In order to examine the generality of the modes of metallation/protonation, we also carried out calculations on a simpler system CHO-Gly 2 -OCH 3 (Gly 2 ). The results obtained for the metallation of Gly 2 exactly parallel those of Gly 3 metallation [data not shown]. Proton affinities of Gly 2 in the helical (type III b-turn) and b-strand conformation are given in Table 3 . Full geometry optimization (FOPT) of helical Gly 2 -H from partially optimized structures leads to four minima, 3 a, 3 b, 3 c and 3 d (Figure 7) . The most stable complex, 3 a is a C 7 cyclic structure in which the proton attached to O15 forms a strong hydrogen bond with the ester carbonyl oxygen. This is similar to the gas phase equilibrium geometry, the C 7 cyclic structure, reported at a high level of theory for dipeptides where N-H group forms a hydrogen bond with the suitably oriented carbonyl oxygen. [12d] The proton attached to the middle carbonyl oxygen plays the role of the amide proton to stabilize this cyclic form. Another C 7 structure 3 b is also noted where the bridging occurs with formyl carbonyl oxygen and it is 2.0 kcal mol À1 higher in energy than 3 a. The two other minima are C 10 cyclic structures 3 c and 3 d. The cyclic form 3 c, in which the ester carbonyl is protonated and forms a strong hydrogen bond with the formyl carbonyl oxygen, is a mere 2.0 kcal mol À1 higher in energy than the most stable C 7 cyclic form 3 a. Another C 10 cyclic form, 3 d, is obtained as a local minimum where the sp 3 oxygen Table 3 . Proton affinities [kcal mol À1 ] of CHO-(Gly) 2 -OCH 3 [Gly 2 ] and CHO-(Gly) 3 -OCH 3 [Gly 3 ] in helical and b-strand conformations.
Helical conformation b-strand conformation POPT [a] FOPT [d] POPT [b] POPT [c] H affinity of Gly 2 HF/6-31G (d) [a] Partial optimization at fixed dihedral angles (f À 608; y À 308; w 1808; 3 10 -helical conformation); protonation occurs at middle oxygen (O15).
[b] Partial optimization of b-strand conformation at fixed dihedral angles (f À 1208; y 1208; w 1808); protonation occurs at the terminal carbonyl oxygen (O10 for Gly 2 and O13 for Gly 3 ). [c] Partial optimization of b-strand conformation at fixed dihedral angles (f À 1208; y 1208; w 1808); protonation occurs at the middle carbonyl oxygen (O15). [d] Full optimization of the complexes taking the POPT structures as initial guess. The energies of the free peptide were computed by a single point calculation taking the fully optimized geometry of the complex without the ions to calculate binding energies (affinities). The affinities are consequently overestimated. of the terminal ester group is protonated and bridges with the carbonyl oxygen. However, this geometry is at a higher energy on the potential energy surface (16 kcal mol À1 higher in energy than the most stable form 3 a). This is apparently because of the lower proton affinity of the sp 3 oxygen compared with sp 2 oxygen. These stabilized complexes (3 a and 3 d)are quite interesting for the fact that the optimized geometry exhibits a ™b-turn like∫ structural motif. The presence of the ionic hydrogen bond (C O-H ¥¥¥ O), which has been shown to be stronger [35] compared with neutral hydrogen bond (N-H ¥¥¥ OC), may favor this structure to a greater extent. Very short hydrogen bond distances are noted for all of the bridged structures (Figure 7) , which is strongly suggestive of the formation of a highly stable cyclic hydrogen bonded form in the proton adduct.
Fragmentation studies on the hydrophobic peptides under the ESIMS conditions: The fragmentation of protonated peptides is charge directed, requiring proton localization at the cleavage sites. [36] Fragmentation patterns observed during the collision induced dissociation of protonated peptides have been used to predict the site of protonation. [37] The commonly observed fragmentation patterns and the nomenclature used for the fragmentation of peptides are shown in Scheme 2. Wysocki et al. have shown that peptides with no basic residues undergo fragmentation more easily at a given collision energy than peptides containing a basic residue. In hydrophobic peptides, the bound proton is not strongly localized as in the cases of peptides having a basic side chain. Hence, less energy is required for ™proton mobilization∫. [38] It has been shown by MNDO and ab initio calculations that when the proton is located on the carbonyl oxygen, the bond order of the amide bond is significantly greater relative to that of the unprotonated neutral amide group; this in turn hinders cleavage at the amide bond. In contrast, when the proton is located on the amide nitrogen, the amide bond order is significantly smaller than the neutral amide and therefore this appears as a possible fragmenting structure, leading to the formation of b and y type ions. [39] So, regardless of the initial protonation site, a proton is transferred to a less basic amide nitrogen by ion activation facilitating the fragmentation. The initially formed state could be a thermally stable form. Due to the thermal excitation occurring at the electrospray capillary and the collisional activation in the capillary skimmer region, it is possible that rapid proton exchange takes place along the peptide backbone to give a heterogeneous population of protonated species. The order of energy requirement for fragmentation of peptides depends on the initial site of protonation. Experimental studies reveal the energy required for fragmentation depends on the protonation site, following the order arginine > lysine > N-terminus > amide carbonyl > amide NH. [38] Fragmentation of the hydrophobic peptides used in our study was achieved at a skimmer potential of 100 V. Increas- ing the skimmer potential results in increased acceleration of the ions. Increase in internal energy of the ions during the collisions with the collision gas (nitrogen) results in fragmentation of the peptides. Proton mobilisation from the carbonyl oxygen to the amide nitrogen under the electrospray conditions with a skimmer potential of 100 V could be responsible for the fragmentation observed. A typical example of the low energy collision induced fragmentation of a helical peptide 3 is shown in Figure 8 .
The initial fragmentation results in the formation of fragments at m/z 639.5, 568.4 and 469.3 corresponding to the fragments b 4 , b 5 and b 6 . This indicates that the fragmentation proceeds from the cleavage at the amide bonds of C-terminal residues. Charge directed fragmentation of peptides with charged residues under collision induced dissociation has been reported. [39, 40] The observation of a single series of b type ions due to the cleavage of the C-terminal residues indicates that the charged site in the peptide could be in the vicinity of the C-terminus. Dissociation pathways of alkali-cationized peptides have been studied using multiple stages of mass spectrometry by Lin et al. They have shown the successive dissociation of the residues from the C-terminus of alkalicationized peptides. [41] In the case of the b-hairpin peptide 17, an increase in skimmer potential to 100 V leads to the appearance of peaks at m/z 792.8, 693.7, 611.7 and 512.5, corresponding to the fragments b 7 , b 6 , y 6 and y 5 . Formation of these fragments indicates the cleavage of amide bonds from both the C-terminal and N-terminal residues. Interestingly in peptide 17, cleavage at the [X-Pro bond] ™Pro∫ residue is not observed despite the reported higher proton affinity, which normally results in higher fragmentation at this residue. [42] This observation may be a consequence of the rigid b-turn conformation, which results in the carbonyl of the amide being inaccessible to protonation. In both cases, further increase in the skimmer potential results in the formation of fragments due to random cleavage. The fragmentation pattern of the two peptides suggests that the protonation is more homogeneous in helices as compared to b-hairpins. Hence, fragmentation of helices implies a single cleavage pattern, while hairpin peptides undergo cleavage simultaneously at different sites. These observations support the view that in peptide helices protonation/metallation is more favoured at the C-terminal end, a feature discussed in the preceding sections.
The effects of increasing the skimmer potential on the ESI mass spectra of peptides under conditions where both protonated and metallated species occur were studied. Figures 9 and 10 illustrate the results obtained for the model helical peptide 3 and b-hairpin peptide 17. The relative intensity of the protonated species decreases for peptides which exist as a mixture of the protonated and metallated species (Figures 9 a, 10 a) , while that of the metallated peak increases on increasing the skimmer potential (Figures 9 b,  10 b ). This suggests that fragmentation from the protonated species is preferred, which in turn may be a reflection of the difference in the nature of the binding of the proton and metal ion to the peptide. The alkali metal ion can coordinate with more than one carbonyl group forming a chelate, while the protons predominantly bind to a single amide carbonyl. Coordination of alkali metal ions or a proton to the amide oxygen leads to a partial double bond character in the COÀNH bond, [43] while coordination to the nitrogen reduces the bond order of the amide bond. [39] It has been shown experimentally that the binding energy of lithium to amides is higher compared with amines, while amines have higher proton affinity than amides. [44] Under the low energy collision induced activation conditions the transfer of protons from the amide carbonyl to the nitrogen is possible, while the transfer of the metal ion from the amide carbonyl to the nitrogen appears to be much less facile. Hence in a mixture of peptides with the protonated and metallated species, the fragmentation proceeds from the protonated species more readily than the metallated species.
Conclusion
Under electrospray ionization mass spectrometry conditions completely hydrophobic peptides ionize surprisingly well, yielding both protonated and metallated species. Studies on peptides with structurally well defined conformations in solutions lead to the following conclusions. 1) Hydrophobic peptides up to a length of 10 residues show only singly charged states. Helices of length greater than 10 residues also show doubly charged states with the relative intensity increasing with helix length. Doubly charged states are observed as major species (or the only species) in helices, where the continuous chain of intramolecular hydrogen bonds is interrupted by insertion of a Pro residue or by reversal of chirality. The observed protonation/ metallation of helical peptides is consistent with the maintenance of the conformational states in solution, during ion formation under electrospray conditions. 2) The favoured site of protonation/metallation in peptide helices is the C-terminus, [45] which contains multiple CO groups favourably oriented for chelating a cation. 3) Ab initio calculations on the model peptide N-formyltriglycine methyl ester constrained to a conformation corresponding to a single helical turn reveal that tridentate coordination involving the three C-terminus CO groups is energetically favourable for Li , Na and K . For H , coordination to two CO groups is preferred. 4) Ab initio calculations also establish that the protonation/ metallation sites in extended sheet-like conformation are heterogeneous with coordination favoured at isolated CO groups. 5) In the case of both helices and hairpins, binding energies of alkali metals follows the order Li > Na > K . 6) Collision induced fragmentation patterns provide insight into the sites of protonation. For peptide helices fragmentation occurs almost exclusively from the C-terminal end of the molecule, whereas for hairpins fragmentation proceeds by multiple pathways indicative of heterogeneity of protonation sites, as also indicated by theoretical calculations. 7) Fragmentation of protonated species occurs preferentially in the presence of a mixture of both protonated and metallated species, providing evidence for facile movement of protons from the carbonyl group to the amide nitrogen under ESI conditions. The present studies reveal that both peptide chain length and conformation determine sites of protonation/metallation and also have a controlling influence on fragmentation patterns.
Experimental Section
All peptides used in this study 1 ± 19 except for peptides 14 and 15 were synthesized using conventional solution-phase methods. The structures of the peptides were characterized in solution and in the solid state using NMR and crystallographic techniques [13±25] (Table 1) . Antiamoebin (14) and zervamicin (15) were obtained from fungal cultures and characterized as described earlier. [21, 22] For metal-binding experiments, solutions of peptides in methanol (1.0 Â 10 À3 m) were incubated with 3 molar equivalence of metal salt solution in water (3.0 Â 10 À3 m) for 12 h at room temperature. The mixtures were diluted 20 times with methanol and 5 mL of the diluted mixture was injected into the mass spectrometer. To investigate the competitive binding of Li , Na and K to hydrophobic peptides, the peptides in methanol (1.0 Â 10 À3 m) were mixed with a 1:1:1 equimolar mixture of Li 2 CO 3 , Na 2 CO 3 and K 2 CO 3 (1.0 Â 10 À3 m) in pure water from a MilliQ apparatus (Millipore Inc.) with a conductance of 18.2 mW and incubated for 12 h at room temperature. The solutions were diluted 20 times with methanol prior to injection into the mass spectrometer.
All the ESIMS experiments were carried out on a Hewlett ± Packard (model HP-1100) electrospray mass spectrometer. [5e,f] Methanol at a flow rate of 30 mL min À1 was used as the mobile phase for the ESIMS. A volume of 5 mL of the peptide solution in methanol 5.0 Â 10 À5 m (250 picomoles of the peptide) was used for each experiment. Electrospray was carried out using pneumatic assistance with nitrogen gas. The capillary tip was held at 4000 V. The spectra were recorded in the positive ion detection mode. The spray chamber used a nitrogen gas at a flow rate of 10 L min À1 at 150 8C. The instrument has two variable skimmers. Skimmer 2 was held constant at 10 V and skimmer 1 was held at 30 V (DV 20 V). For the fragmentation experiments, the skimmer potential DV was gradually increased from 20 to 200 V. Data was acquired across the mass range of m/z 100 ± 3000 with a quadrupole cycle time of 3 s. The spectrometer was calibrated using five calibration standards provided by the manufacturer. Data processing was done using HP Chemstation software. The charge states were determined using the isotopic peaks.
Computational details: The model peptides and their complexes with H , Li , Na and K were optimized at the HF/6-31G(d) level. Two different conformations were considered: 3 10 -helical and b-strand. In each case, all the geometric parameters were optimized, except the peptide torsional angles f, y and w characteristic of these conformations. The (f, y, w) constraints imposed are (À 608, À 308, 1808) and (À 1208, 1208, 1808), respectively, for 3 10 -helical and b-strand peptides. Different sites of protonation and metallation were examined. The binding affinities were computed at B3LYP, and MP2 (FULL) levels, respectively, at 6-31G(d) basis set using the HF/6-31G(d) geometry.
Full geometry optimizations (lifting the constraints imposed on f, y and w dihedral angles) of all the complexes were also carried out at the HF/6-31G(d) level taking the corresponding partially optimized geometry of the complex. Single-point energies were computed at B3LYP, and MP2(full) levels. Vibrational frequency analyses of all the fully optimized geometry of the complexes were carried out to confirm that they were true minima. All the calculations were done using the Gaussian suite of programs. [46] 
